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Suppression of matching field effects by splay and pinning energy 
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We report measurements of the irreversible magnetization Mi of a large number of YBa2Cu307 
single crystals with columnar defects (CD). Some of them exhibit a maximum in Mi when the 
density of vortices equals the density of tracks, at temperatures above 4QK. We show that the 
observation of these matching field effects is constrained to those crystals where the orientational 
and pinning energy dispersion of the CD system lies below a certain threshold. The amount of such 
dispersion is determined by the mass and energy of the irradiation ions, and by the crystal thickness. 
Time relaxation measurements show that the matching effects are associated with a reduction of 
the creep rate, and occur deep into the collective pinning regime. 
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I. INTRODUCTION 

Vortex dynamics in high temperature superconductors 
(HTSC) with columnar defects (CD) depends on a num- 
ber of variables such as the density and angular distri- 
bution of the CD, the intensity and orientation of the 
applied magnetic field H, and the temperature T . The 
complexity of these systems results in the-jexistence of a 
rich variety of pinning and creeg regimes .Era 

The simplest case to modclld^H is that of identical and 
perfectly parallel CD and H parallel to them. At low 
T, and for H much smaller than the matching field _B$ 
(the dose-equivalent field at which the densities of vor- 
tices and CD are the same), vortex- vortex interactions 
can be neglected and each vortex is individually pinned 
to an individual track. For H > i?$ there are more vor- 
tices than defects and pinning becomes collective. As T 
increases, thermal fluctuations progressively reduce the 
effective pinning energy of the CD, thus the vortex- vortex 
interactions turn more significant and the boundary sep- 
arating the individual from the collective regimes, the 
so-called accommodation field Ba (T), decreases.a 

An interesting situation occurs fcft'r-f^ ~ S*- At low T 
a Mott insulator phase is predictedE'a The fingerprint of 
this phase is the infinite elastic compression modulus Cn, 
that results in a constant induction field B (fixed density 
of vortices) over a finite range of H . The dynamics is 
also influenced by the matching condition. As all the CD 
are occupied, a pinned vortex has no energetically conve- 
nient places to jump into, with the consequent reduction 
of the creep rate. The Mott phase has indeed been ob- 
served in time relaxation experiments at very low T, by 



Beauchamp et a/.Q in YBa2Cu307 (YBCO) crystals and 
by Nowak et alE in Tl:2201 crystals. 

At high T the wandering of the vortex lines precludes 
their localization into individual CD. Although this ef- 
fect shDjjld inhibit the appearance of the Mott insulator 
phaseJj'B some reduction in the vortex mobility is still 
expected due to the absence of empty tracks. However, 
many studies of vortex pinning by CD in HTSC have 
failed to show any evidence of matching effects at high 
temperatures. This status was modified by a recent study 
performed by Mazilu et ala on YBCO thick films (thick- 
ness 5 ^ Ifiin) with CD || c-axis. For H || CD, they 
observed that the transport critical current had a broad 
peak at iJ ~ B^, at temperatures as high as 75K. 

In this work we report the observation of matching ef- 
fects due to CD introduced by heavy ion irradiation in 
YBCO single crystals. We observe such effects at high 
temperatures, deep into the collective pinning regime. 
For crystals with CD in different crystallographic orien- 
tations, we find that for H || tracks, the irreversible mag- 
netization Mi{H) exhibits a local maximum at H ^^ _B$. 
That maximum is associated with a local minimum in the 
normalized time relaxation rate S = —d{hiMi)/d{liit). 
We show that the appearance of these matching effects 
requires a narrow angular distribution (small splay) and 
a small pinning energy dispersion of the CD. These con- 
ditions impose a maximum track length (given by the 
sample thickness and the irradiation angle) that depends 
on the mass and energy of the irradiation ions. 



II. EXPERIMENTAL 

We have observed matching effects in four YBCO sin- 
gle crystals. For comparison, we show analogous mea- 
surements in several other YBCO crystals that do not 
exhibit such effects. A group|-pf crystals was grown at 
the Centro Atomico BarilochdZl and was irradiated with 
SOOMeV Av?^^ ions at the Tandar facility in Buenos 
Aires, Argentina.! Another group was grown at the T.J. 
Watson Research Center of IBM.Ia Some of them were 
irradiatedEl with IMGeV Au'^^+ at the TASCC iacility 
in Chalk River Laboratories, Canada, and the resttil with 
580Mey 371^°+ at the Holifield accelerator. Oak Ridge, 
USA. The crystal thicknesses 5, the matching fields 5$ 
and the angle Qd between the incident beam and the 
c-axis are summarized in table L 

Measurements of dc magnetization were made in 
two commercial superconducting quantum interference 
device (SQUID) magnetometers, both equipped with 
50fcOe magnets. The irreversible magnetization Mi (pro- 
portional to the persistent current density J via the crit- 
ical state model) was determined from M{H) loops. The 
magnetic field was always applied parallel to the irradi- 
ation direction. In crystals where Qe, ^ 0, both com- 
ponents of Mi(iJ) were recorded using the two sets of 
pick up coils (longitudinal and transverse), and|-the data 
were processed in the way previously described.EHl Relax- 
ation measurements of Mi were performed on the field 
decreasing branch of the hysteresis loop over periods of 
2 hours. 



III. RESULTS 
A. Sample thickness influence on matching efl'ects 

In Fig. 1(a) we show Mi as a function of H for crys- 
tal Al at several temperatures between AQK and TSiiT, 
for H II tracks {Qd ~ 57°). These curves show a clear 
maximum at fields Hm{T) close to Bq,. This match^ 
ing effect is very similar to that found by Mazilu et aZEl 
in transport measurements of critical current in YBCO 
thick films with H || CD|| c-axis. The temperature de- 
pendence of Hjn/B^ for both our crystal and a thick 
film with B^ ^ 3.9r, taken from Ref. 6, is shown in 
Fig. 2. Several features reinforce the similarity between 
the results of that study and our data. First, at the low- 
est temperatures the maximum occurs slightly above the 
matching field Bg,. Second, the field iJ„j slowly decreases 
with increasing T. Third, the maximum disappears at 
low temperatures, below AOK in our case. 

Many measurements of A-f in YBCO crystals with CD, 
in the same field and temperature ranges of Fig. 1, can 
be found in the literature. Usually, the maximum shown 
in Fig. 1(a) is not observed. The question is why these 
matching effects are visible in some cases and not in oth- 
ers. Clearly, it is not due to a structural characteristic 



of the thick films, as they are also visible in a crystal. 
The orientation of the CD is not relevant either. A dis- 
tinctive characteristic of crystal Al is that it is unusually 
thia, 5 « 4.1/i?7i. The thick films measured by Mazilu et 
al.u are of course even thinner, 5 ^ Ifim. In contrast, 
most YBCO crystals with CD reported in previous stud- 
ies have typical thicknesses between lO/im and 30/im. 
This observation suggests that the appearance of match- 
ing effects may be restricted to thin samples. 

To test this hypothesis, we have collected Mi{H) data 
for a representative group of 13 additional crystals. We 
have included crystals irradiated with ions of different 
mass and energy, at a variety of B^ and Od, as indicated 
in table I. In all cases H || CD. Figure 3 shows Mi{H) 
curves for 10 crystals. None of them show any evidence 
of matching effects. For clarity only data at T = 6QK 
are shown, but in all cases the maximum is also absent at 
other temperatures within the range AOK < T < 80K. 
In contrast, the Mi{H) curves of crystals Bl and B2, 
shown in Figs. 4(a) and (b) respectively, do exhibit a 
clear maximum in the vicinity of B^. Again in these 
two crystals Hm decreases slowly with temperature. Fi- 
nally, in crystal B3, shown in Fig. 4(c), a small structure 
in Mi{H) near B,^ just suggests the existence of minor 
matching effects. In the three crystals (Bl, B2 and B3) 
the matching effects disappear below 40K. 

Inspection of Figs. 1 and 4 show that, at T ^ AOK, 
the ratio Hm/Bg, is ^ 1.1 for crystal Al, while it is only 
- 0.75 for Bl and - 0.85 for Bi This difference may 
be due to clustering of the tracks.tl As B^ increases, also 
does the probability that two or more CD are so close 
together that they act as a single one. The result is an 
"effective" matching field lower than the nominal i?^ 
For crystal Bl, the effective tracks' density was foundtl 
to be ~ 0.7B$, while for a crystal with a dose similar to 
Al the result was ^ 0.95$. Thus, there is a reasonable 
agreement between both results, indicating that H,n is in 
all cases slightly higher than the effective matching field. 

To some extent data in Figs. 3 and 4 reinforce the idea 
that matching effects are associated with thin samples, 
as crystals Bl and B2 are among the thinnest in the 
group. However, it is clear that the correlation is far 
from perfect; crystals A2, A3 and B5, which are as thin 
as Bl and B2 or even thinner, show no maximum at B^. 
Another exception is crystal B3, which is rather thick 
and shows at least a hint of the effect. 

The simplest connection between sample thickness and 
matching effects could be related to the inhomogeneity of 
the internal field B. It is natural to expect that match- 
ing effects should be visible over a finite field range ABme 
around i?$. On the other hand, in the critical state of 
a thin superconducting slab in a |ti;ansverse field config- 
uration, B has a total variationEJ AB ~ (47r/c) JS/2 
between the center and the border of the sample. There- 
fore, the required conditions for observation of match- 
ing effects can be satisfied over the whole sample only if 
AB < ABme- Otherwise, the maximum in Mi{H) will 
be washed away. 



We can estimate Ai3 at T = 6QK and in the proximity 
of B^ for all the crystals. It ranges from AB ^ 0.12fcG 
for crystal Al to AB ~ 0.6kG for crystals C4 and C5. An 
estimate of AB^e is given by the width of the maximum 
in Mi{H). From Figs. 1 and 4 we sec that AB,ne is 
similar in crystals Al, Bl and B2, and in all cases it is 
well above lOfcG. Thus, we conclude that even in the 
thickest crystals AB <C AB^e, so the inhomogeneity in 
the internal field cannot be the reason for the absence of 
matching effects. 



B. Energy and angular dispersion of the CD 

Sample thickness influences pinning by CD in a more 
indirect way, as it affects the morphology and the disor- 
der of the tracks. When a sample is irradiated, the heavy 
ions arrive to the surface with an extremely narrow dis- 
tribution of energy and orientations. Thus, all the CD 
are initially identical and exactly parallel. But as they 
penetrate deeper into the material, their energy decreases 
rapidly due to the very large electronic stopping power. 
As a result, the diameter of the tracks initially decreases 
as a function of depth, then becomes oscillatory and even- 
tually the tracks turn discontinuous as the ions approach 
their penetration range. L3 Consequently, there is a cer- 
tain dispersion in the pinning energy of the CD. In addi- 
tion, the scattering with the atomic cores of the material 
(associated with the small but nonzero nuclear stopping 
power) deviates the incident ions from the original direc- 
tion. The Cjnmulative effect of these nuclear interactions 
producesEHllij an angular dispersion (splay) of the tracks 
that grows with depth, first slowly and then dramatically 
near the ion penetration range. These effects have been 
clearly demonstrated in seyptaLtransmission electron mi- 
croscopy (TEM) studies Jia'tilla 

The above considerations indicate that, in all cases, 
real CD introduced by swift heavy-ion irradiation con- 
tain some amount of splay and pinning energy disper- 
sion. For given irradiation conditions, the distributions 
of pinning energies and orientations are wider for thicker 
samples. We will now argue that this larger dispersion in 
the tracks precludes the observation of matching effects 
in thick crystals. 

At this point we need a more quantitative measure of 
the amount of disorder in the system of CD. We first 
note that the relevant parameter is not the thickness of 
the crystal, but rather the length of the tracks. Id — 
5/ cos 0£), which are also listed in table I. We see that the 
shorter lo ^ l.hixm still corresponds to crystal Al. The 
Id of crystals Bl and B2 still rank among the shortest, 
and the discrepancy of B5 is solved, as due to the large 
Qd we have a large Id ^ 27fim for this case. 

Splay and energy dispersion as a function of depth 
depencLixi_a complex way on the ion mass and initial 
energy.oE3 We look for a simpler description where dis- 
order is characterized by a single parameter. In Ref. 10 



the median radial angle asp of the angular distribution of 
CD was determined as a function of depth in YBCO crys- 
tals, for CD produced by LOSGeV" Au'^^+ and 580MeV 
Sn^'^^. The determination was based on TRIM numeri- 
cal calculations that coincided very well with direct mea- 
sures of asp at selected depths from TEM images. We 
have repeated those TRIM Monte Carlo calculations and 
extended them to the SOOAfeV^ Au'^'^^ case. If our as- 
sumption is correct, matching effects will be erased if 
asp is large enough. Thus, to quantify the splay of the 
CD we have chosen the largest asp in each crystal, which 
occurs at the back end of the tracks. 

In Fig. 5 we plotted asp at Id for all our crystals. 
Note that the data points are separated in 3 groups cor- 
responding to each type of irradiation. An additional 
data point corresponding to the thick films of Ref. 6 
is also included. It is unmistakably clear that there is 
a threshold value of asp{lD) ~ 3.4° above which the 
matching effects disappear. All samples with asp{lD) 
well below the threshold (Bl, B2 and the thick films) 
exhibit clear matching effects. None of the nine crystals 
with aspilo) well above the threshold show any hint of 
it. Finally we have three crystals, each one of them ir- 
radiated in different conditions, with almost exactly the 
same asp{lD) ~ 3.4°. One of them shows a clear match- 
ing effect (Al, see Fig. 1); another one shows just a 
minor hint [B3, Fig. 4(c)]; and the third one shows no 
effect (CI, Fig. 3). 

Figure 5 shows that, using a single parameter, we have 
been able to ascertain under what conditions matching 
effects are observable in YBCO with CD. We do not claim 
that aspilo) is the only or even the best quantifier of the 
tracks disorder; it is just a simple, reasonable and conve- 
nient one. An implicit assumption, for instance, is that 
splay and pinning energy dispersion are strongly corre- 
lated and thus can be characterized by a single number. 
A more elaborated analysis could produce a better quan- 
tifier, but we should emphasize that our description suc- 
cessfully describes the behavior of our 14 crystals and all 
the films of Ref. 6, with no exceptions. 



C. Relaxation studies 

We have observed the maximum at Hm in tempera- 
tures ranging from AOK ua to as high as 80K, very close 
to the irreversibility line .113 This result is somewhat s 
prising, since the Mott phase is only expected at low T 
It is true that the broad peak in Mi {H) seen in our crys- 
tals and in the films of Ref. 6 (where it was described as 
a vestige of the Mott phase) is a feature far less dramatic 
than the Meissner-like response of the Mott insulator. 
But on the other hand, the physical origin is clearly the 
same: The maximum in the pinning efficiency of the CD 
at i? ~ _B$ occurs because, being all the vortices pinned 
and all the tracks occupied, there are no energetically 
convenient places for a vortex to move on from its initial 



position. 

If the above picture is correct, the maximum in Mi[H) 
should be accompanied by a decrease of the creep rati 
This is precisely the. feature used by Beauchamp et 
and by Nowak et aln to identify the Mott insulator phase 
at very low T. Fig. 1(b) shows the normalized relaxation 
rate 5 as a function of H || CD at T = 6QK for crystal Al. 
For H ^ B^ a local minimum appears, thus confirming 
that matching fields effects at these high temperatures 
are due to a reduction of the creep processes. 

It is important to realize that in the temperature range 
of our observations the vortex system is in the collective 
pinning regimeJj Crystal Bl is the same one investigated 
in Ref. 3. It was shown there that the accommodation 
field Ba (T) (the boundary between individual and collec- 
tive pinning) goes to zero at the depinning temperature 
Tdp ~ 40i4r, thus for T > Tdp the pinning is collective 
for all values of H . The abrupt collapse of Ba (T) at 
Tdp ~ 40iir was observed not only in Bl but also in all 
the other crystals reported there (irradiated in all cases 
with l.OSGel/ Av?'^^), regardless of i?$. Recent resultstZl 
indicate that Tdp for crystals irradiated with 580MeT^ 
Sn^^^ and ZQQMeV Au^^^ is also very similar. 

To our knowledge, a determination of Ba{T) for tracks' 
orientations other than the c-axis was not available. 
Thus, to check whether the large Qd makes any differ- 
ence in this respect, we determined Ba{T) for crystal 
Al. To that end we measured the normalized relaxation 
rate 5 as a function of T at several H || CD, as shown 
in the inset of Fig. 2. The maxima in these curves, 
which indicate the onset of the collective pinning regime, 
have been usedO as a signature of Ba{T). The collective 
regime becomes completely developed_when S{T) reaches 
the plateau at higher temperatures B'EII The temperature 
range in between the maxima and the plateau (i.e., the re- 
gion where 5* decreases with T) is a transition jzone where 
individual and collective excitations coexist .EH The ac- 
commodation field and the transition zone are included 
in the complete dynamic phase diagram shown in the 
main frame of Fig. 2. This diagram again shows that 
Tdp ~ Z'oK ^ and it clearly demonstrates that also in 
crystal Al the vestiges of the Mott insulator phase (the 
Hm{T) line) lie well inside the collective pinning regime. 

Within this regime and at fixed T , the critical current 
should have a \/H dependenccEl'D Therefore, a monoton- 
ically increasing S{H) is also expected. This is indeed the 
observed behavior in Fig. 1(b), with the local minimum 
at i?$ mounted on the increasing curve. This feature 
once again shows the presence of the matching effects in 
the collective pinning regime. 



IV. DISCUSSION 



A. Dispersion-induced slow-down of creep 

The two main results of our study are that matching 
effects occur deep into the collective pinning regime, and 
that these effects are destroyed by sufficiently large splay 
and dispersion of pinning energy in the system of CD. 
We will now discuss the second result, and in the next 
subsection we will address the first onej-. _ 

According to the theoretical modelsjdfl the main fea- 
tures of the pinning diagram are expected to be robust 
with respect to the energy dispersion and splay: Pinning 
by CD in HTSC should still be individual and strong at 
low T and H, and should become collective and weaker 
above Ba{T), as either T or H jiorxeaae. Experimental 
results confirm that expectation,EH3miZl as the basic pin- 
ning behavior is similar in all samples, in spite of the fact 
that they contain different amounts of dispersion in the 
CD system. In contrast, the dynamic at current densi- 
ties well be.1rov.Jc is strongly influenced by the dispersion 
in the CD.E2fEZl This indicates that the link between the 
amount of dispersion in the CD and the observation of 
matching effects must be related to the influence of the 
dispersion on the creep processes. 

In the single vortex pinniag regime, time relaxation at 
the early stages takes placeEra via nuclcation and expan- 
sion of half loops. As J decreases the size of the critical 
nucleus grows and eventually reaches the nearest CD. 
Further relaxation proceeds by spreading of the resulting 
double kink vortex excitations. Ideally, if energy disper- 
sion and splay are not taken into account, there is no bar- 
rier for the expansion of a double kiftk critical nucleus, 
and J should decrease very rapidly.OJu In the collective 
pinning regime the creep mechanisms are somewhat dif- 
ferent and less explored theoretically. However, vortex 
bundles are also expected to relax via collective double 
kinks, El whose expansion is again unimpeded in the ab- 
sence of splay and energy dispersion. 

Both splay and energy dispersion of the CD will arrest 
the expansion of double kinks, since both reduce the num- 
ber of sites with equivalent energy available for the hop- 
ping and spreading processes. As a result, the J deter- 
mined from magnetization measurements is larger than it 
should be in the absence of dispersion. The idea of topo- 
logical constr|ains on vortex hopping was first discussed, 
by Hwa et alt3 It is indeed established experimentallyta 
that a certain amount of splay enhances Mi in YBCO. 
In particular, by comparing YBCO crystals of different 
thicknesses, irradiated with different ions and energies jb 
has been shown that the splay reduces the creep rate.tJ 

Energy dispersion makes the expansion of double kinks 
energetically unfavorable in the limit J -^ O.EJfl Dou- 
ble kink excitations are then substituted by superkinks, 
whose associated time relaxation (the so called variable 
range hopping-^egiTae) is much slower. We have recently 
demonstratecO that fast relaxation by double kinks does 
occur in YBCO crystals, and that the crossover to the 
superkinks regime and the associated slow-down of the 



creep takes place at a current density Jvrh which is 
proportional to the energy dispersion. 

The above discussion leads us to propose the following 
scenario. In those samples where splay and energy dis- 
persion are small, time relaxation is fast and the overall 
measured Mi is low. However, near the matching con- 
dition creep slows down due to the absence of available 
sites. As a result, the Mi measured at a given time is 
higher around Bg, than in the rest of the field range, 
thus producing the observed maximum. In contrast, the 
large amount of splay and energy dispersion in thick sam- 
ples limits the expansion of double kinks at all fields. 
As a consequence, the creep rate becomes lower in the 
whole field range, and the creep reduction near 5$ be- 
comes negligible or entirely absent. In these conditions, 
the overall Mi is high and the distinct maximum at the 
matching condition disappears. 

Finally, the weak decrease of Hm with temperature 
could be related to the small but nonzero dispersion of 
pinning energies. The effectiveness of the CD is strongliz. 
reduced with increasing T due to the entropic smearing.tl 
Therefore, some weak CD can pin vortices at low tem- 
peratures but cannot hold them pinned at high T, thus 
slightly reducing the effective matching field. 



recent Josephson Plasma resopance experimentsE3 and c- 
axis resistivity measurementsEJ in the liquid phase, and 
is also consistent with several raajerimental observations 
of anomalies in the solid phase.Ej Similarly, anorn alies in 
Hirr and maxima in Mi[H) have been observedOllj in 
the YBCO system, in the field range ^ B^/3 to ^ B^/2. 
An additional result of these simulations, particularly rel- 
evant to our present work, is the observationEj of a high 
temperature "subanomaly" at the matching field ~ i?$, 
thought to be a remnant of the low-temperature Mott 
insulator phase. This subanomaly is accompanied by a 
sudden increase in the vortex trapping rate, i.e., a slow 
down of creep, which according to those simulations is 
dominated by expansion of double kinks. All these results 
are consistent with our scenario, according to which the 
maximum in Mi{H) at H ^ i?$ is due to the reduction 
of the rate of creep by double kink excitations. Topo- 
logical vortex entanglement, forced by splay present in 
the thicker crystals, as well as large pinning energy dis- 
persion, erase this matching subanomaly by constraining 
the expansion of double kinks at all fields. 



V. CONCLUSIONS 



B. Matching effects in the collective pinning regime 

Previous numerical simulationsc3 of matching effects 
within the collective pining regime have been able to pre- 
dict some effects of the Mott phase at high temperatures, 
but only in the case X/d < 1, where A is the penetration 
length and d — y^^o/B^ the average distance between 
CD. This inequality results from the condition that the 
vortex-vortex interactions have to be of short range as 
compared with the distance between tracks (that equals 
the distance between flux lines at B = B^). However, in 
our case A k, 1400A and d ranges from 190A for crystal 
B2 to 300A for crystal Al, which gives X/d > 4.7 in aU 
cases. J— I 

Krauth et alzM have studied the problem of 2D bosons 
in a disordered environment, which is analottous to the 
problem of flux lines in the presence of CDEI Through 
Monte Carlo numerical simulations they have found that 
the Mott insulator phase could be present up to the tran- 
sition to the Bose glass phase. But again, they have used 
only on-site repulsion, which is equivalent to the condi- 
tion X/d < 1, i.e., negligible vcvdjex- vortex interactions. 

More recently, Sugano et alE3 have performed Monte 
Carlo numerical simulations of pancake vortices in the 
much more anisotropic Bi2Sr2CaCu208 system, with CD 
parallel to the c-axis. Neither splay nor pinning energy 
dispersion were considered. The main result of that study 
is the observation of a field-driven discontinuous transi- 
tion in the trapping rate of the pancakes to the CD, at 
a field ~ B^/3, that is accompanied by a large jump in 
the interlayer coherence. This result is in agreement with 



We have observed matching field effects in the ir- 
reversible magnetization and its time relaxation in 
YBa2Cu307 single crystals with columnar defects. We 
have demonstrated that a necessary condition for the 
appearance of these effects is a low level of angular and 
energy dispersion in the CD system. To achieve this situ- 
ation, an adequate combination of thin samples and high 
irradiation energy is required. Large dispersion precludes 
the appearance of matching effects by slowing down the 
creep processes over the whole field range. We propose 
the value of the splay at the back face of the sample, 
o^spilo), as a convenient parameter to quantify the dis- 
persion. Surprisingly, these matching effects are observed 
at high temperatures, deep into the collective pinning 
regime, where the Mott phase is not expected. 
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FIG. 1. (a) Curves of irreversible magnetization Mi vs 
applied field H for crystal Al at several temperatures for 
H li CD. The dotted line is a guide to the eye indicating 



the position of the maximum Hm{T). (b) Normalized 
relaxation rate as a function oi H dXT = QQK. The local 
minimum is generated by the reduction of the mobility 
of the flux lines when H ^ Bg, . 

FIG. 2. Dynamic H-T phase diagram for crystal Al. 
The solid triangles represent the accommodation field 
Ba{T). The solid circles indicate the line Hm{T)/B^. 
For comparison, the Hm{T)/B<j, data for a thick film of 
Ref. 6 is also shown (open circles). Inset: Normalized 
relaxation rate S(T) curves at several fields. The max- 
imum indicates the onset of the collective excitations at 
high T. 

FIG. 3. Irreversible magnetization Mi as a function 
of H/B<s> for several crystals at T = 60K and H || CD. 
None of these samples show any hint of matching effects 
at H ^ B^. 

FIG. 4. Irreversible magnetization as a function of 
H at several T for three crystals that exhibit matching 
effects. For clarity, some curves are multiplied by a nu- 
merical factor, as indicated. 

FIG. 5. Median radial angle asp of the CD at the back 
face of the sample as a function of the total tracks' length 
Id- Samples with aspilo) < 3.4° exhibit matching ef- 
fects, as opposed to the crystals with aspilo) > 3.4°. 



TABLE I. Irradiation and thickness specifications for all 
the crystals studied. The crystals labeled with an asterisk 
present matching effects. 



Crystal 


ion 


B<i.(T) 


Od 


S{j2m) S/ 


cosO_D(pim) 


Al* 


300MeV Au^''^ 


2.2 


57° 


4.1 


7.5 


A2 


300McV Au2''+ 


3.7 


15° 


8.2 


8.5 


A3 


300MeV Au2''+ 


3.0 


32° 


8.5 


10.0 


Bl* 


lOSOMeV Au23+ 


4.7 


0° 


11.5 


11.5 


B2* 


lOSOMeV Au2^+ 


5.7 


30° 


11.5 


13.3 
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lOSOMeV Au23+ 


2.4 


0° 


24.7 


24.7 


B4 


lOSOMeV Au2^+ 


0.6 
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26.8 


26.8 


B5 


lOSOMeV Au2^+ 


1.0 


65° 


11.4 


27.0 


B6 


lOSOMeV Au2^+ 
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31.0 


CI 


580MeV Sn30+ 


1.0 
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20.5 
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C2 


580MeV Sn30+ 
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580MeV Sn^"+ 
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C4 


580MeV Sn^"+ 
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580McV Sn^"+ 
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